Introduction
In the diabetes population, (both type 1 (T1DM) and type 2 (T2DM), autonomic imbalance is prevalent and may progress to diabetic autonomic neuropathy (DAN). The pathogenesis of DAN is not fully elucidated, but available evidence shows that the process is multifactorial, comprising impaired axonal transport, comprised blood supply, and metabolic disturbances, including perturbated glucose homeostasis. 1 There is well-known and strong evidence suggesting that chronic hyperglycemia is involved in the development of autonomic neural imbalance. [2] [3] [4] The presence of chronic hyperglycemia causes several biochemical changes, each of which may be involved in the processes of destruction of both myelin sheath and nerve fibers, which in turn is associated with increased dysfunction. Hyperglycemia-induced nerve damage may be due to one or more of the following biochemical changes: enhanced flux through the polyol pathway, oxidative stress, nonenzymatic glycosylation, and deprivation of nerve growth factor. 5 However, it has been suggested that acute hyperglycemia increases circulating cytokines more than continuous hyperglycemia, 6 and it has been shown that there is a chronic elevation in hypothalamic-
Glycemic Variability
In individuals with normal glucose tolerance, the body's metabolism of glucose is tightly controlled within a very narrow range (3.8-7.7 mmol⁄liter) . 19 This narrow range of blood glucose is maintained despite a lifestyle with irregular eating habits and activity patterns. In contrast, diabetes is characterized by glycemic disorders consisting of sustained chronic hyperglycemia-both fasting and postprandial-and acute glucose fluctuations. It has been argued whether acute glucose fluctuations should be a part of the term 'glycemic disorder.' [19] [20] [21] [22] [23] [24] [25] In this light, one of the major challenges regarding GV estimation is the fact that there is no consensus on data acquisition and analysis (sampling frequency, recording time, or measure of variability).
26 Table 1 shows the correlation between measures of GV in a cohort of 86 newly diagnosed T2DM patients (device: Medtronic MiniMed ® ; sampling frequency: 1 per 5 min; recording time: 24 h). Table 2 , there is a weak correlation between variables of GV and glycated hemoglobin A1c (HbA1c). Hence, measurement of HbA1c alone does not reflect all-important aspects of the glycemic disorders. Despite the absence of a golden standard measure of GV in nondiabetic populations, accumulating data suggest that GV, which consists of both acute upward and downward glucose changes, is deleterious for critically ill patients. 19, 26, 27 Furthermore, GV may play a role in the development of diabetic micro-and macrovascular complications, 28 hypoglycemic unawareness, and it may be associated with an increased risk of both hypo-and hyperglycemic excursions. 7 Also, Monnier and coauthors 25 have theorized that GV may have a more deleterious effect than chronic hyperglycemia in the development of diabetes complications. Su and colleagues 29 showed, in a cohort of 344 patients with T2DM and chest pain, that GV [mean amplitude of glycemic excursions (MAGE) ≥3.4 mmol/liter; sampling frequency: 1 per 5 min; recording time: 72 h] was an independent predictor for coronary artery disease and is associated with its presence and severity. In relation to autonomic imbalance, Ohlsson and colleagues 30 found, in a cohort of 20 diabetes patients complaining of symptoms suggestive of disturbances in the gastrointestinal tract, that parasympathetic dysfunction was associated with increased glucose fluctuations (coefficient of variation; sampling frequency: 1 per 5 min; recording time: 72 h). The authors hypothesized that the disturbed glucose homeostasis is possibly a result of disturbed nervous humoral reflexes. 30 Flaviani and colleagues 28 have shown, in a group of 26 T2DM patients receiving diet and/or metformin treatment and no hypertensive treatment or overt autonomic neuropathy, that GV (MAGE ≥3.4 mmol/liter; sampling frequency: 1 per 5 min; recording time: 48 h) affects sympathovagal balance in well-controlled diabetes patients (HbA1c 6.70 ± 1.25%).
As shown in
In an animal study, Jamali and colleagues 31 concluded that hypoglycemia has a more severe impact on somatic motor nerves than on somatic sensory nerves, whereas hyperglycemia affects only somatic sensory nerves. There exists no coherent explanation for these findings, but it has been suggested that GV increases the risk of both hyper-and hypoglycemic excursions, which may be an important factor in increasing oxidative stress 32 and proinflammatory cytokines, 21 thereby implying a possible association to the HPA axis. It has been shown that diabetes patients with asymptomatic autonomic imbalance 33 or established symptomatic polyneuropathy 34 have an increased activity of HPA axis, and the degree of cortisol secretion is related to the degree of neuronal dysfunction. 33, 35 Other studies have described dysfunction in the HPA axis in the development or perpetuation of autoimmune disease. 35, 36 The HPA axis is a neuroendocrine system that plays an important role in the regulation of stress responses, and the end-hormones of the HPA axis are glucocorticoids.
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Heart Rate Variability: a Measure of Asymptomatic Autonomic Imbalance
Detailed analysis of heart rate variability (HRV), including both cardiovascular reflex tests and time/frequency domain analysis, is an important tool to estimate autonomic balance. 11, 18 Imbalance in the autonomic nervous system may affect both the sympathetic and the parasympathetic nervous system and may affect any organ that is innervated by the autonomic nervous system, from the gastrointestinal tract to the skin. 8 The autonomic nervous system is a multifunctional system that controls motility and is regulated by the sympathetic nervous system and parasympathetic system, which provide a rapidly responding mechanism to control a wide range of functions, e.g., cardiovascular, respiratory, gastrointestinal, renal, exocrine and endocrine secretions, and microcirculation, and are involved in regulating immune and inflammatory processes. 6 The parasympathetic system may assist sympathetic functions by withdrawing and can antagonize them by increasing its activity. 39, 40 Heart rate variability, the study of beat-to-beat fluctuations in heart rate, has received much attention over the years as a means of measuring the balance in the autonomic nervous system. [41] [42] [43] [44] Both animal and human studies have shown an association between HRV and the degree of autonomic modulations. 45 Heart rate variability is a result of both internal and external changes in breathing, blood pressure, hormone status, mental condition, and physical condition, and a number of pathophysiological conditions may decrease or increase the stimulation of the hearts sinoatrial.
Heart rate variability is most often recorded by means of electrocardiograph (ECG) but can also be extracted from pulse wave measurements. 46 The HRV 
Data analysis of beat-to-beat intervals, or RR intervals, of the ECG recorded during all three methods can be analyzed by means of normal statistical descriptions (time domain), nonlinear, and/or by estimating the frequency-specific fluctuations in the RR intervals (frequency domain). 41 To measure how quickly a given phenomenon repeats itself (e.g., frequency-specific fluctuations in heart rate), fast Fourier transformation, or autoregressive algorithms, known as spectral analysis, can be used to estimate the power of the frequencyspecific fluctuations. By simply eyeballing RR intervals of an ECG from a healthy person [ Figure 1 shows HRV from a healthy control (the two top plots) and a type 1 diabetes patient with cardiac autonomic neuropathy (CAN) (the two lower plots)], 55 the signal seems almost chaotic, but by decomposing the signal into its frequency components, three distinguished peaks will be recognizable. 44 The three distinguished peaks are: (1) Very low frequency, defined as the power in the frequency band less than 0.04 Hz and represents slower fluctuations caused by regulatory systems, temperature fluctuations, and daynight periodicity. (2) Low frequency, defined as the power in the frequency band 0.04-0.15 Hz. 56 The lowfrequency component is influenced by sympathetic, parasympathetic, and baroreflex sensitivity and is characterized by a peak at approximately 0.1 Hz, which is related to the 10-s blood pressure waves reflecting oscillations in baroreceptor and chemoreceptor reflex control systems, also called Mayer waves. 57 ( 3) The high frequency band from 0.15-0.4 Hz is influenced by parasympathetic and spontaneous breathing, mainly contributing to power with a center frequency around 0.3 Hz. 8 Use of the correct methodology, including data acquisitions and analysis, is crucial for extracting the information embedded in the variability of the heart rate. 16, 47 For clinical use, the gold standard HRV tests are: heart rate response to deep breathing, standing, and Valsalva maneuver. 11 Active tests are crucial in order to make the distinction between autonomic imbalance and autonomic neuropathy. Time and frequency plots from an HRV passive supine test are used extensively for research purposes and may provide early additional information of both sympathetic and parasympathetic modulation. 8 It is important to be aware that autonomic imbalance is not restricted to diabetes alone but may also comprise individuals without diabetes.
Autonomic Imbalance in Individuals without Diabetes
Associations between autonomic imbalance (measurements of HRV) and several pathological conditions or events are well-established, 40, 42, [58] [59] [60] and reduced HRV has been shown to be associated with compromised health in the general population and to be predictive of mortality. 42 Molgaard and coauthors 61 reported an association between low 24-h HRV and sudden cardiac death in apparently healthy subjects. Tsuji and colleagues 62 found that diminished HRV was significantly associated with the risk of cardiac events, including myocardial infarction and congestive heart failure. In the ARIC study, Dekker and colleagues 40 found that low HRV was associated with increased risk of coronary heart disease and death from several causes, and the authors hypothesize that low HRV is indicative of general poor health. In addition, obesity, work stress, and depression have also been found to be associated with autonomic imbalance measured with HRV. [63] [64] [65] [66] Exercise has, on the other hand, been shown to improve HRV. Melanson and colleagues 67 reported that time-and frequency-domain measures of HRV were increased in previously sedentary men within 12 weeks after following an exercise program. Also, weight loss has been reported to improve HRV in obese subjects, which seems to indicate that weight loss improves the health of the individuals and reduces the elevated cardiovascular risk in this group. 63, 64 
Autonomic Imbalance in Individuals with Diabetes
The association between the finding of low HRV and the presence of symptomatic as well as asymptomatic autonomic imbalance in individuals with diabetes is welldescribed in the literature for both T1DM and T2DM, 4 and the finding of autonomic imbalance in an individual with diabetes may indeed be an early risk marker and a marker of progression of diabetes complications. In both T1DM and T2DM populations, imbalance of the autonomic nervous system is a subclinical marker of the development of CAN. 11, 50, 51, 68 Cardiac autonomic neuropathy may provoke ischemic cardiac episodes by upsetting the balance between myocardial supply and demand. 69 Testing for the presence of CAN has been suggested as a prognostic marker of microangiopathic complications, 9, 70 and the presence of asymptomatic CAN may occur before other complications. 70 Furthermore, low HRV is associated with hypertension, 71 ischemic stroke, 72 and GV, 73 and may be important in the detection and prevention of hypoglycemia. 74, 75 The described imbalance in the autonomic nervous system and the potential onset of autonomic neuropathy develop early in the disease development of diabetes. 47 Furthermore, different progression patterns and pathophysiological mechanisms may account for the onset and development of CAN in T1DM and T2DM. 11, 14 In The DAN study, a crosssectional observational study examining 382 T1DM and 271 T2DM subjects with diabetes, autonomic imbalance was associated with proliferative retinopathy, microalbuminuria, and macroalbuminuria in T1DM patients, whereas in T2DM patients, it was associated with increased pulse pressure and obesity. 12 These findings are in line with the Toronto consensus report. 11 There is a clear association between the degree of autonomic imbalance and severity of late complications of diabetes, including retinopathy, nephropathy, and peripheral neuropathy. 12 Autonomic imbalance in individuals with or without diabetes has been associated with a risk of perioperative accidental hypothermia, cardiovascular liability, and compromised cerebral blood flow. 13, 14 It has been suggested that preoperative screening of autonomic imbalance may be used as a risk stratification, identifying those patients who need further cardiac testing and optimization of the preoperative status. 13 Overall, autonomic imbalance (reduced HRV) has been associated with compromised health in diabetes patients and is not limited to diagnosing CAN.
Discussion
Although autonomic neuropathy is clinically well-described, the pathophysiology remains elusive. As demonstrated earlier, there is no clear description of the pathogenesis of diabetic autonomic neural imbalance. Very little is known about the highly probable contribution of glycemic variability and the possible link to dysfunction in HPA axis.
With the current knowledge, optimal glycemic control is the most important clinical parameter in preventing development of DAN. Therefore, a multifactorial approach could be beneficial focusing on continued patient education, motivation, and individualized risk assessment with ambitious goal achievements. 76 However, intervention with drugs such as angiotensin-converting-enzyme (ACE) inhibitors and beta blockers may also have a potential role in future preventive strategies. 14, 18, 77 Kontopoulos and colleagues 78 found that administration of the ACE inhibitor Quinapril significantly increases parasympathetic activity measured by HRV in the time and frequency domain.
The Hoorn Study showed that cardiac autonomic imbalance in patients already at risk (diabetes, hypertension, or history of cardiovascular disease) may be especially hazardous. 79 Therefore, early detection of autonomic imbalance and focus on diabetes control and elimination of risk factors for neuropathy (obesity, smoking, alcohol abuse, and hypertension) may delay or slow down the progression of diabetic neuropathy. Hence, early identification of asymptomatic autonomic imbalance is important to enhance risk stratification and enable initiation of individually tailored preventive measures in high-risk patients. A baseline determination of autonomic modulation is recommended upon diagnosis in T2DM and after 5 years of diagnosis in T1DM, followed by yearly repeated tests. 69, 80 Early detection of autonomic imbalance is also interesting due to the vasodilator effect of insulin, which increases skeletal muscle blood flow. 81 This increase in blood flow may provoke postural hypotension in patients that have autonomic imbalance, causing symptoms that may be confused with hypoglycemia because of absence of the normal autonomic regulatory mechanisms to maintain blood pressure. 82, 83 It has been shown that arterial pressure falls, especially in the standing position, after insulin administration in diabetes patients with either abnormal baroreceptor reflexes or autonomic neuropathy. 81, 82 A glucose variability risk profile could therefore be important in determining risk factors in diabetes patients. One could speculate that the degree of glucose variability is associated with external factors such as the quality of medical and nursing care 84 and the severity of the impact of diabetes complications. It is tempting to speculate whether autonomic imbalance is predictive of the state of glycemic variability.
Future Research
Measuring GV using continuous glucose monitoring (CGM) up to 144 h or more is a great step forward in order to study GV. [85] [86] [87] Most invasive methods use an electrochemical sensor for measuring interstitial glucose concentration every 10 s. After elimination of outliers and/or noise, the reported value remains a weighted average reflecting interstitial glucose values during 1-10 min intervals. 85, 87 To understand the nature of GV, it is important to measure real-time GV using a high sampling frequency (1/s) for prolonged intervals. This could be achieved with the current invasive CGM but also with newer noninvasive devices. New information should be added about GV, especially when combined with other variables, such as autonomic imbalance.
The association between autonomic imbalance and GV in the development of autonomic neuropathy remains unsettled, and future prospective studies are needed.
